Traumatic anterior shoulder dislocations commonly result in separation of the anteroinferior (AI) labral complex from the glenoid rim, classically referred to as a Bankart lesion.^[@bibr30-2325967120942133],[@bibr32-2325967120942133]^ After dislocation with resultant labral and capsular injury, high rates of recurrent anterior shoulder instability with resultant functional deficits in shoulder function can occur, particularly in younger populations.^[@bibr7-2325967120942133],[@bibr13-2325967120942133],[@bibr27-2325967120942133],[@bibr29-2325967120942133],[@bibr35-2325967120942133]^ Surgical restoration and tightening of the capsulolabroligamentous complex is often necessary to restore shoulder stability and function,^[@bibr16-2325967120942133],[@bibr29-2325967120942133]^ leading to improved stability and outcomes when compared with nonsurgical management.^[@bibr5-2325967120942133]^ Despite early reports of repair failure, with repeat dislocation rates approaching 34% after arthroscopic repair,^[@bibr20-2325967120942133],[@bibr36-2325967120942133]^ refinements in surgical technique and advancements in instrumentation have decreased rates of recurrent instability to between 4% and 17%, with outcomes comparable with open repairs.^[@bibr1-2325967120942133],[@bibr2-2325967120942133],[@bibr5-2325967120942133],[@bibr7-2325967120942133],[@bibr8-2325967120942133],[@bibr12-2325967120942133],[@bibr19-2325967120942133]^

Several arthroscopic stabilization techniques and implants are utilized for arthroscopic Bankart repair, with suture anchors representing the most popular method of fixation.^[@bibr24-2325967120942133]^ Despite multiple investigations quantifying the biomechanical strength of suture anchors compared with other fixation devices, there remains little information with respect to optimal suture configuration and associated modes of repair failure.^[@bibr10-2325967120942133],[@bibr11-2325967120942133],[@bibr22-2325967120942133],[@bibr23-2325967120942133],[@bibr33-2325967120942133]^ The cadaveric investigation by Nho et al^[@bibr27-2325967120942133]^ found no difference with respect to ultimate load to failure, load at 2-mm displacement (repair gapping), or gapping after cyclical loading when comparing simple stitch repair, single-loaded anchors tied with horizontal mattress stitches, double-loaded suture anchors tied with simple stitches, and knotless anchors. The most common mode of repair failure involved anchor pullout, followed by failure at the glenolabral junction and capsular rupture. However, no information regarding suture failure location or glenolabral junction failure type was reported. As such, the influence of suture configuration on failure mode remains largely unknown, while failure location has not been previously reported after arthroscopic Bankart repair.^[@bibr3-2325967120942133],[@bibr6-2325967120942133]^

The purpose of this investigation was to use a cadaveric shoulder model to perform arthroscopic repair of an iatrogenic Bankart lesion using single-loaded anchors. After repair, a traumatic anterior shoulder dislocation was simulated, and the mechanism and location of repair failures were analyzed. Specifically, we sought to compare (1) primary failure mode (anchor pullout, suture failure, labral tearing, and capsular tearing) and (2) primary failure location (based on glenoid clock face) after arthroscopic Bankart repair using simple versus mattress suture configurations. Based on prior data,^[@bibr27-2325967120942133]^ we hypothesized that simple suture repairs would more commonly fail at the anchor, while mattress repairs would fail at the capsulolabral junction, predominantly at the anterior-most anchor position.

Methods {#section1-2325967120942133}
=======

Specimens {#section2-2325967120942133}
---------

Before study initiation, institutional review board exemption was obtained at the senior author's (S.N.M.) institution, as no identifying patient information was collected during the investigation. An a priori power analysis was performed to determine the optimum number of specimens needed. Assuming an alpha probability of .05 and a target beta value of 0.8, for an estimated small effect size (*d* = 0.2), the necessary sample size was determined to be 67 specimens in each group, while a medium effect size (*d* = 0.4) would require 34 specimens in each group.

A total of 52 fresh-frozen human cadaveric specimens from a university anatomy program, aged between 30 and 50 years at the time of death, were obtained for this study. Per institutional review board stipulations, we were blinded with regard to specimen sex or any additional characteristic information. Specimens were kept frozen and were thawed at room temperature for 24 hours before use. For each specimen, only the right or left shoulder was utilized, with shoulder laterality alternating between specimens. Each individual specimen was coupled to another specimen based on age at the time of death and the degree of glenohumeral joint disease (Outerbridge I or II), creating a total of 26 age-matched specimens. The specimens were examined arthroscopically by the attending surgeon (S.N.M.) and were excluded based on the following criteria: presence of structural abnormalities to the glenohumeral joint, severe (Outerbridge III or IV) degenerative changes of the articular surface of the humeral head or glenoid, major rotator cuff pathology (2 tendon tears and tendon retraction medial to the coracoid), any absent labral tissue, any evidence of glenoid bone loss or glenoid hypoplasia, evidence of labral damage or prior labral repair, limited range of motion secondary to structural or mechanical blockage (defined as \<120° of forward flexion, abduction \<120°, or external rotation \<90° with respect to the scapula, as measured using a goniometer), or scapular fracturing during mechanical testing. All soft tissue overlying the glenohumeral joint was preserved, and the integrity of the musculature and shoulder girdle was left intact to simulate an in vivo arthroscopic repair.

Surgical Preparation {#section3-2325967120942133}
--------------------

All surgical supplies were purchased and provided by the attending surgeon, as no industry funding was obtained. The repair configuration used for each shoulder of age-matched pairs was randomly selected before surgery using a random-number generator. Shoulders were then disarticulated by cutting the proximal humerus at the surgical neck and carefully dissecting out the scapula to remove all medial soft tissue attachments to separate the scapulohumeral complex. The specimens were potted in cement, ensuring no capsular disruption. Specimens were then positioned in the lateral decubitus position (30°-40° of abduction, 15° forward flexion) using a vise grip on the scapula and drilling a hole in the humeral shaft to create a rope pulley system with 10 pounds of applied traction. A standard posterior arthroscopic portal was established 1 cm medial and 2 cm inferior from the posterolateral corner of the acromion using spinal needle localization. A 4.0-mm 30° arthroscope was then placed in the posterior portal to ensure that the specimen was eligible for inclusion, followed by utilization of an outside-in technique to establish the AI portal just above the superior edge of the subscapularis tendon and the anterosuperior (AS) portal at the anterolateral corner of acromion. Overswitching sticks, see-through, partially threaded, twist-in cannulas (Twist-In 7 × 7 cm; Arthrex) were placed in all 3 portals. The integrity of the biceps tendon and anchor was evaluated using a probe and found to be intact in all specimens. A percutaneous accessory port of Wilmington (1 cm lateral to and anterior to posterolateral acromion) or percutaneous posterolateral portal was utilized as needed for suture anchor placement inferiorly.

An in vivo Bankart lesion was created using an angled periosteal elevator through the AS and AI portals by elevating the AI labrum and capsuloligamentous complex from the glenoid. Visualization with the arthroscope in the AS portal and elevator through AI portal confirmed minimal residual tissue attachment to the glenoid neck and adequate mobilization of the Bankart lesion. The anatomic location of the lesion, running from the 3:00 to 6:00 o'clock positions on the right glenoid and 6:00 to 9:00 o'clock positions on the left glenoid, started just inferior to the origin of the middle glenohumeral ligament. To preserve tissue integrity, shoulders were kept continually moist with saline throughout the procedure. A total of 4 randomized specimens (n = 3 simple repair; n = 1 mattress repair) were excluded and discarded before repair because of the presence of severe glenohumeral osteoarthritis with absence of reparable labral tissue.

Arthroscopic repair was performed using three 3.0-mm Bio-SutureTAK anchors preloaded with No. 2 FiberWire (Arthrex) beginning at the 6:00 (inferior), 4:30 (AI) and then 3:00 (anterior) o'clock positions on the anterior articular edge of the glenoid face in right shoulders and beginning at the 6:00 (inferior), 7:30 (AI), and then 9:00 (anterior) o'clock positions in left shoulders. Capsulolabral tissue was advanced to the glenoid by grasping the tissue distal to the anchor using a curved needle device with a looped wire for suture shuttling (Suture Lasso; Arthrex) to create the simple ([Figure 1A](#fig1-2325967120942133){ref-type="fig"}) and mattress suture ([Figure 1B](#fig1-2325967120942133){ref-type="fig"}) configurations. All repairs involved standard arthroscopic knot-tying technique with a knot pusher (Single Hole Knot Pusher; Arthrex), including a slidable lockable knot (Seoul Medical Center knot)^[@bibr18-2325967120942133]^ followed by 3 reverse half-hitches to secure the suture,^[@bibr23-2325967120942133]^ performed by the attending surgeon. Sutures were then trimmed a few millimeters from the knot using an arthroscopic knot cutter (4.2-mm Suture Cutter; Arthrex). After final suture placement, the integrity of each repair was confirmed using an arthroscopic probe to ensure appropriate tissue advancement and stability of the AI glenoid.

![Arthroscopic images during labral repair demonstrating (A) simple suture configuration and (B) mattress suture configuration.](10.1177_2325967120942133-fig1){#fig1-2325967120942133}

Biomechanical Testing {#section4-2325967120942133}
---------------------

To facilitate fixation to the testing apparatus, the soft tissue of the distal 10 cm of the humerus was removed to expose the bone. The overlying soft tissue of the scapula was similarly removed to the level of the glenoid neck. The humerus was potted in a cylindrical container, with the long axis of the shaft centered along the container's diameter. The scapula was potted in a plastic container, with the medial border in the base and the glenoid parallel to the base using polyethylene epoxy (Smooth-On) ([Figure 2](#fig2-2325967120942133){ref-type="fig"}).

![Setup showing potting of humerus in cylindrical container with potting of scapula in polyethylene epoxy.](10.1177_2325967120942133-fig2){#fig2-2325967120942133}

Mechanical testing was performed using a servohydraulic testing machine that allowed for uniaxial loading (8501 M; Instron). As utilized in a prior investigation,^[@bibr9-2325967120942133]^ a specialized testing apparatus specifically designed and developed for uniaxial loading was used to attach the specimens to the machine. The scapula was positioned in the testing apparatus to simulate the shoulder in supine position such that the costal surface faced the ceiling, while the face of the glenoid was perpendicular to the floor and parallel to the direction of the applied load. The apparatus was designed such that the scapula could be oriented at an angle of 10° relative to the horizontal to simulate an approximate anatomic position on the posterior thoracic wall.

The humerus was positioned at neutral forward flexion, with 60° of abduction and 90° of external rotation with respect to the plane of the scapula. This point was set as the zero point. External rotation was measured by palpating the bicipital groove. This is equivalent in vivo to the anterior apprehension position of 90° of abduction and 90° of external rotation. The scapula pot was fixated to a translation table that allowed for free movement along the medial-lateral and superior-inferior axes. A joint compression force of 22 N directed perpendicularly to the glenoid face was applied to the translation table using a weight and pulley system ([Figure 3](#fig3-2325967120942133){ref-type="fig"}). This technique has been shown in previous studies^[@bibr9-2325967120942133],[@bibr37-2325967120942133]^ to provide physiologic load to the rotator cuff musculature.

![Mechanical testing apparatus setup for servohydraulic machine testing demonstrating cadaveric shoulder (A) before dislocation and (B) after dislocation. Before biomechanical testing began, the humeral head was centered in the glenoid.](10.1177_2325967120942133-fig3){#fig3-2325967120942133}

Shoulders were then loaded to failure at 150 mm/s for a total displacement of 40 mm. A speed of 150 mm/s has previously^[@bibr26-2325967120942133]^ been shown to simulate traumatic dislocation. After multiple test runs, a displacement of 40 mm was determined necessary to sufficiently dislocate shoulders of varying size in the AI direction. After dislocation, each shoulder was disarticulated from the scapulothoracic complex using an open posterior approach. Each specimen was then evaluated using an open approach to determine the failure mode: anchor pullout, suture failure, labral tear, or capsular tear. Failure mode was defined as anchor pullout in the setting of preserved suture and capsulolabral tissue with evidence of anchor displacement out of the bone. Suture failure was determined by the presence of free suture ends without anchor displacement and preserved capsulolabral tissue. Labral tearing was characterized by labral disruption with maintenance of the anchor and suture with no discernable disruption of the peripheral capsular tissue. Capsular tearing was defined by preservation of the anchor and suture with no labral disruption in the setting of capsular pull-through. Primary sites of failure, based on clock-face position on the corresponding glenoid, were inspected visually and recorded.

Data Analysis {#section5-2325967120942133}
-------------

Statistical analysis was performed to determine differences in mode of failure and failure location between repairs using the simple versus mattress suture configuration. Values were calculated using nominal multivariate generalized estimating equations, assuming an exchangeable covariance structure. All statistical analyses were performed using SPSS statistical software (Version 25.0; IBM Corporation).

Results {#section6-2325967120942133}
=======

A total of 48 unique shoulders underwent repair. Three scapulae were fractured during mechanical testing after repair (n = 3 simple suture repair) but before dislocation and were excluded, resulting in a total of 45 shoulders included in the final analysis (n = 20 simple suture repair; n = 25 mattress repair). No suture repair failures were present before testing.

After traumatic dislocation, the major mode of failure for simple suture repair configurations was labral tearing (50%; n = 10/20), while mattress suture repairs primarily failed because of capsular tearing at the glenoid, which occurred at the entrance and exit points of the suture (68%; n = 17/25) ([Table 1](#table1-2325967120942133){ref-type="table"}; [Figure 4, A and B](#fig4-2325967120942133){ref-type="fig"}). Labral tears were significantly more likely to occur with simple suture repairs compared with mattress suture repairs (*P* \< .005), whereas capsular tearing was significantly more common with mattress suture repairs (*P* = .01).

###### 

Mechanisms of Repair Failure Based on Suture Configuration

![](10.1177_2325967120942133-table1)

                                          Suture Configuration, n (%)            
  ---------------------- ---------------- ----------------------------- -------- -----
  Mechanism of failure   Anchor pullout   1 (5)                         3 (12)   .73
  Suture failure         3 (15)           4 (16)                        .63      
  Labral tearing         10 (50)          1 (4)                         \<.005   
  Capsular tear          6 (30)           17 (68)                       .01      

![Cadaveric specimens after dislocation and disarticulation allowing visualization of major repair failure and location, demonstrating (A) labral repair failure (red arrow) at the anterior labrum after simple suture repair and (B) capsular failure (white arrow) at the anterior position after mattress suture configuration.](10.1177_2325967120942133-fig4){#fig4-2325967120942133}

The most common failure location was at the 3:00 o'clock position in right shoulders and at the 9:00 o'clock position in left shoulders in both simple suture (45%; n = 9/20) and mattress suture (68%; n = 17/25) repairs ([Table 2](#table2-2325967120942133){ref-type="table"}). Simple suture repairs were significantly more likely to fail at the 6:00 o'clock position when compared with mattress repairs (*P* = .02).

###### 

Location of Repair Failure Based on Suture Configuration*^a^*

![](10.1177_2325967120942133-table2)

                                                              Suture Configuration, n (%)             
  -------------------------------- -------------------------- ----------------------------- --------- -----
  Location of failure              R 3:00 L 9:00 (anterior)   9 (45)                        17 (68)   .12
  R 4:30 L 7:30 (anteroinferior)   5 (25)                     7 (28)                        .82       
  R 6:00 L 6:00 (inferior)         6 (30)                     1 (4)                         .02       

*^a^*L, left shoulder; R, right shoulder.

Discussion {#section7-2325967120942133}
==========

In this investigation, after simulation of a traumatic anterior shoulder dislocation in cadaveric shoulders after arthroscopic Bankart repair we found that simple suture repairs failed most commonly by labral tearing, compared with capsular tearing after mattress repair. The most common site of failure in both suture configurations occurred at the anterior-most anchor position (3:00 o'clock in right shoulders, 9:00 o'clock in left shoulders). Moreover, simple suture repairs failed at a significantly higher rate at the inferior-most position (6:00 o'clock in right and left shoulders) when compared with mattress repairs.

Causes behind Bankart repair failure after primary stabilization are multifactorial, with male sex, younger patient age, and open repair being identified as risk factors.^[@bibr38-2325967120942133]^ However, repeat traumatic shoulder dislocation events after repair represent the most common methods of failure, accounting for 34% to 96% of failures.^[@bibr4-2325967120942133],[@bibr21-2325967120942133],[@bibr25-2325967120942133],[@bibr31-2325967120942133]^ Voos et al^[@bibr35-2325967120942133]^ identified patients aged \<25 years, the presence of ligamentous laxity, and the presence of large (\>250 mm^3^) Hills-Sachs lesions as significant risk factors for recurrent instability after repair. While previous investigations^[@bibr10-2325967120942133],\ [@bibr11-2325967120942133],\ [@bibr22-2325967120942133],\ [@bibr23-2325967120942133],\ [@bibr33-2325967120942133]^ have evaluated the biomechanical strength and performance characteristics of different arthroscopic knot-tying configurations during repair, little is known regarding the method and location in which these repairs fail on the glenoid.

Based on the perpendicular orientation of the simple suture configuration on the labrum, there is less area of contact between the tissue and suture, resulting in fixation being applied over a smaller repair area. This appears to create a "cheese cutter" effect on the labral tissue, resulting in failure within the labrum with a subsequent radial tearing of the labrum. Clinically, in setting of a repeat labral injury, information extrapolated from our model could create concern for recurrence or progression of a repaired tear using a simple stitch configuration. Moreover, radial labral tears present more of a reconstruction challenge, particularly in revision surgery. In contrast, the horizontal mattress configuration creates a larger area of repair, resulting in a lower risk of failure at the labrum. As such, based on the findings of this study, horizontal mattress sutures may represent a superior repair configuration in the setting of labral tearing, especially in the setting of poor labral tissue quality; however, determination of the clinical validity of this finding warrants further in vivo investigation.^[@bibr28-2325967120942133]^

The observed modes of failure based on suture configuration in our investigation are in slight contrast to the modes of failure reported by Nho et al,^[@bibr27-2325967120942133]^ where anchor pullout was observed in 100% of specimens using the suture anchor--simple stitch configuration. In contrast, they found that specimens with suture anchor--mattress suture configuration failed 80% of time at the glenolabral junction and 20% at the capsule. However, there are several important methodological differences when comparing the Nho et al investigation with the current study. Repairs performed by Nho et al utilized only 2 suture anchors at the 4:00 and 5:00 o'clock positions, with all repairs performed in an open manner after disarticulation of the humeral head with excision of capsular tissue along its most lateral humeral insertion. All repairs in our investigation were performed using 3 sutures placed arthroscopically in a preserved glenohumeral joint, allowing for maintenance of soft tissue integrity. Furthermore, the cadaveric shoulders utilized by Nho et al were loaded to failure by cyclic loading, while we utilized a single applied load to failure (ie, dislocation). Thus, these testing model factors may account for the dissimilar failure modes noted between the 2 studies and warrant further investigation.

In the current study, both simple and mattress suture repair configurations failed most frequently at the anterior-most anchor position (3:00 o'clock position in right shoulders and 9:00 o'clock position in left shoulders). Failures most commonly occurred at this position because of the presence of less robust soft tissue, composed of the middle glenohumeral ligament, thin capsule, and superior aspect of the anterior band of the inferior glenohumeral ligament, which has been shown to stretch significantly after acute Bankart lesions.^[@bibr34-2325967120942133]^ Moreover, simple suture repairs failed at a significantly higher rate at the thicker capsuloligamentous tissue at the inferior-most position (6:00 o'clock position in right and left shoulders) on the glenoid when compared with mattress repairs. Coupled with the difficulty of obtaining an optimal anchor placement angle and a tight working space, the increased repair area created using a horizontal mattress configuration may account for the lower incidence of inferior repair failures when compared with the simple suture repairs.^[@bibr15-2325967120942133],[@bibr17-2325967120942133]^ This suggests that despite less time being required for placement of a simple suture, the extra surgical time required for mattress suture placement at the inferior glenoid is effective in restoring the high and stable bumper after capsular shift, resulting in lower biomechanical failure rates at this position.

Limitations {#section8-2325967120942133}
-----------

This investigation was not without limitations. Arthroscopic Bankart repair and subsequent testing were performed at time zero, so the effect of natural physiologic healing of the capsuloligamentous complex and other tissues before testing is unknown. Moreover, our biomechanical model can only partially imitate physiologic motion. As such, while our model of creating a dislocation episode was performed using an accepted biomechanical model, dislocation events in real life possess more complex patterns of shoulder motion that we were not capable of re-creating. Moreover, cadaveric tissues are less pliable, resulting in higher rates of capsular or labral tearing around the sutures and potentially accounting for the high rates of failures seen in these tissues during this investigation. In vitro creation of the lesions may not have created the falling-off phenomenon of the labrum that occurs clinically in a Bankart lesion.^[@bibr14-2325967120942133]^ Unlike prior investigations,^[@bibr27-2325967120942133]^ there was no comparison between knotted versus knotless suture anchors and no determination of ultimate load to failure, repair elongation, or stiffness. While labral height has been shown to correlate with shoulder stability and better re-created using mattress sutures,^[@bibr3-2325967120942133],[@bibr14-2325967120942133]^ measurement of labral height was not performed.

A further bias exists in that differing amounts of capsulolabral tissue were grasped with each pass during repair. In addition, the mechanical parameters utilized were sufficient to dislocate all shoulders anteroinferiorly; however, glenoid width was not measured before dislocation, and as such the distance at which each shoulder was required to translate before dislocation was not standardized. While cadaveric specimens with time of death between 30 and 50 years of age were used, cadaveric sex was unknown; as such, the effects of this variable on tissue quality of failure mode and locations were unable to be analyzed. Owing to specimen availability and costs, the necessary number of specimens required to detect a small or medium effect size was not attained, resulting in an underpowered investigation. Last, while specimens with obvious pathology to the shoulder were excluded, it is unknown if any specimens had a history of shoulder trauma or dislocation that was not appreciated on gross and arthroscopic examination.

Conclusion {#section9-2325967120942133}
==========

Traumatic anterior shoulder dislocation after arthroscopic Bankart repair in a cadaveric model resulted in simple suture repairs failing most commonly via labral tearing, compared with capsular tearing in mattress repairs. Both suture repair configurations failed predominately at the anterior anchor position, with simple suture repairs failing more commonly at the most inferior anchor position.
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